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Abstract
Dental age assessment is one of the most reliable methods of chronological age estima-
tion used for criminal, forensic and anthropologic purposes. Visual, radiographic, chem-
ical and histological techniques can be used for dental age estimation. Visual method is
based on the sequence of eruption of the teeth and morphological changes that are
caused due to function such as attrition, changes in color that are indicators of aging.
Radiographs of the dentition can be used to determine the stage of dental development
of the teeth from initial mineralization of a tooth, crown formation to root apex matura-
tion. Histological methods require the preparation of the tissues for detailed microscopic
examination. The chemical analysis of dental hard tissues determines alterations in ion
levels with age, whereas the histological and chemical methods are invasive methods
requiring extraction/sectioning of the tooth. In this chapter, the different techniques and
considered studies were overviewed in conjunction with their advantages and disad-
vantages. It needs to be taken into consideration that rather than restricting on one age
estimation technique, using the other available techniques additionally and performing
repetitive measurements may be beneficial for accurate age estimation.
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1. Introduction
Determination of the age is of great importance for the identification of unknown bodies or
skeletal remains in forensics and anthropology [1]. In postmortem examination, the quality and
quantity of the mortal remains such as the time passed between autopsy and death, environmen-
tal conditions and structure of the bodily remains or skeletal parts are critical factors. Additionally,
it may also depend on other case-specific factors, such as costs, the time and equipment required.
© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
For the age estimation, considering those critical factors, there are several methods available.
Teeth can act as a biological marker of aging [2]. Teeth have highly mineralized structure, which
makes them resistant to the postmortem decomposition and generally withstand flames, alkalis or
acids [3]. Even bone may disintegrate, but teeth can be preserved for a long time and thus can be
used reliably for identification in disaster situations [4].
Dental maturity is one of the most reliable indicators of chronological age estimation method
used for criminal, forensic and anthropologic purposes [5–8]. Visual, radiographic, chemical
and histological techniques can be used for dental age estimation [1, 9–11]. In this chapter, the
stages of tooth formation/maturation, the chronology of tooth eruption and its relationship to
age will be explained in detail. Methods of dental age estimation will be defined with their
strength and limitations. The factors that may affect the dental maturation will be evaluated.
2. Chronology of tooth development
The development of the dentition is a continuous process that extends from embryonic to early
adult life and it may be divided into a number of stages.
The sequence of prenatal mineralization in the deciduous teeth starts with the central incisor
followed by the first molar, lateral incisor, canine and second molar. The maxillary central
incisors and first molars are usually seen before those in the mandible. The lateral incisor
appears first in the maxilla, but subsequent development is ahead in the mandible. Minerali-
zation occurs in the mandibular canine before that in the maxilla, but it occurs simultaneously
in the maxillary and mandibular second molars (Table 1) [12].
At the beginning of mineralization, tooth germs may be visible as radiolucent areas on the
radiograph up to 6 months. A radiograph of the fetus taken at 26 weeks of intrauterine life
shows advanced mineralization in mandibular anterior teeth. The mineralized outline for the
Tooth Calcification begins Crown completed Eruption Root completed
Maxillary Mandibular Maxillary Mandibular Maxillary Mandibular Maxillary Mandibular
Central 14 wk in
utero
14 wk in
utero
11/2 mo 21/2 mo 10 mo 8 mo 11/2 yr 11/2 yr
Lateral 16 wk in
utero
16 wk in
utero
21/2 mo 3 mo 11 mo 13 mo 2 yr 11/2 yr
Canine 17 wk in
utero
17 wk in
utero
9 mo 9 mo 19 mo 20 mo 31/4 yr 31/4 yr
First molar 15 wk in
utero
15 wk in
utero
6 mo 51/2 mo 16 mo 16 mo 21/2 yr 21/4 yr
Second
molar
19 wk in
utero
18 wk in
utero
11 mo 10 mo 29 mo 27 mo 3 yr 3 yr
Table 1. Chronology of deciduous tooth development mentioned by Proffit et al [12].
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two cusps of the deciduous first molar, the one cusp outline for the deciduous second molar and
the crypt of permanent first molar are seen [13, 14] . At 30 weeks of intrauterine life, mandibular
anterior teeth shows 3/5 crown completion and the deciduous first molar cusps show fusion. The
deciduous second molar with five cusps is seen, while no mineralization in the permanent first
molar is observed. While the radiograph of the newly born fetus shows completely fused cusps
for the deciduous first and second molar, for the deciduous second molar, there is no continuity
across the occlusal surface [15]. At 32 weeks, the first permanent molars start to mineralize [12].
By birth, the deciduous incisors have about 60–80% of their crowns complete and canine
crowns are a simple conical shape and approximately 30% fully formed [9]. The first decidu-
ous molars have a complete occlusal cap of mineralized tissue, the maxillary tooth being more
fully calcified than the other molars.
The eruption sequence of deciduous teeth in oral cavity is as follows: first, the mandibular central
incisors erupt followed by other incisors. After 3–4 months, the mandibular and maxillary first
molars erupt, followed, in another 3 or 4 months, by the maxillary and mandibular canines. The
deciduous dentition is completed at 24–30 months as the second molars in both jaws erupt [12].
By the age of about 3 years, the deciduous dentition has emerged into the mouth and completed
root formation (Table 1).
The transition from the deciduous to the permanent dentition is summarized in Table 2 [12].
Except the third molars, all of the permanent teeth eruption takes place in two stages, between
the ages of about 6 and 8 years followed by a silent period and again between 10 and 12 years.
The first active stage begins at about age 6 with the eruption of the first permanent molars
behind the second deciduous molar followed by the permanent incisors. The general eruption
sequence is the mandibular central incisor, followed by the maxillary central and the mandibular
Tooth Calcification begins Crown completed Eruption Root completed
Maxillary Mandibular Maxillary Mandibular Maxillary Mandibular Maxillary Mandibular
Central 3 mo 3 mo 41/2 yr 31/2 yr 71/4 yr 61/4 yr 101/2 yr 91/2 yr
Lateral 11 mo 3 mo 51/2 yr 4 yr 81/4 yr 71/2 yr 11 yr 10 yr
Canine 4 mo 4 mo 6 yr 53/4 yr 111/2 yr 101/2 yr 131/2 yr 123/4 yr
First
premolar
20 mo 22 mo 7 yr 63/4 yr 101/4 yr 101/2 yr 131/2 yr 131/2 yr
Second
premolar
27 mo 28 mo 73/4 yr 71/2 yr 11 yr 111/4 yr 141/2 yr 15 yr
First molar 32 wk in
utero
32 wk in
utero
41/4 yr 33/4 yr 61/4 yr 6 yr 101/2 yr 101/2 yr
Second
molar
27 mo 27 mo 73/4 yr 71/2 yr 121/2 yr 12 yr 153/4 yr 16 yr
Third molar 8 yr 9 yr 14 yr 14 yr 20 yr 20 yr 22 yr 22 yr
Table 2. Chronology of permanent tooth development mentioned by Proffit et al [12].
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lateral incisors about a year later, and finally the maxillary laterals. There is a silent period of
1.5–2 years before the second active stage begins. This involves the exfoliation of deciduous canines
and molars and replacement by permanent canines and premolars, together with the eruption of
the second permanent molars. On the other hand, the third molars appear late in development
stage. They usually start mineralization between 6 and 12 years, complete their crowns in 4 years
and erupt and complete development during adolescence or early adulthood [12].
The total time taken for an individual tooth to develop is considerable, lasting from 2 to 3 years
for the deciduous teeth and up to 8–12 years for the permanent teeth. In general, anterior
permanent tooth crowns take 4–5 years and molar tooth crowns 3–4 years [16] and roots take
approximately 6–7 years to grow. It has to be taken into consideration that the described
general eruption sequence may change between individuals and genders. Tooth eruption is a
complex process that can be influenced by several factors such as genetics, nutrition, preterm
birth, gender differences, socioeconomic factors, craniofacial morphology, hormonal factors
and various systemic diseases, which may cause earlier or delayed eruption [12]. Gender
differences in the timing and duration of tooth formation are known, with dental maturity
generally being more advanced in females than in males in permanent dentition in reverse of
those for the deciduous dentition [17].
3. Dental age estimation methods
In literature, various methods are defined for dental age assessment that can be categorized as:
visual, radiological, morphological, biochemical and histological methods [1, 18–21].
3.1. Visual method
Visual method is based on the evaluation of the sequence of teeth eruption in oral cavity and
the morphological changes on tooth structure due to functions such as attrition, changes in
color that are indicators of aging.
Fully formed teeth show aging changes. Thus, examination of dentition considering the tooth
wear/attrition, tooth color and stains, periodontal status, etc. can provide valuable information
on an individual’s development and age [1, 18, 19, 21].
3.1.1. Evaluating tooth eruption
Tooth eruption in oral cavity follows a typical chronological pattern. As it was summarized in the
above section, visual examination of the maxillary and mandibular dental arch may provide the
dental age estimation up to 12–13 years of age in correspondence to the second molar eruption.
3.1.2. Tooth wear and attrition
Being a simple and convenient method, tooth wear is commonly used as a tool of individual’s
age estimation. Naturally, tooth wear increases with age. It is proportional to the time of
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exposure of teeth to the oral cavity [21]. This method does not need any invasive process such
as tooth extraction or tissue preparation.
Tooth wear can be evaluated in conjunction to two different types of criteria: one is the area of
tooth wear, which may be termed as a horizontal factor, and the second is the degree of dentin
exposure, termed as a vertical factor. The combination of both horizontal and vertical factors
should be considered to obtain a more accurate estimation of age [21, 22]. Hongwei and
Jingtao [23] classified tooth wear scores into a 0- to 9-point scale based on the pattern, number
and amount of tooth wear. Kim et al. [21] defined another simple and reliable scoring system,
which can be applied to age estimation of individuals at any age ranges, as well (Table 3).
Tooth eruption being one of the visual methods in age estimation is considered to be not so
reliable, as eruption is an ongoing process that includes inactive periods in a child’s life when
no tooth eruption occurs. It is also scarcely influenced by a number of local factors, such as the
premature extraction of primary teeth causing a lack of space or the crowding of permanent
teeth and systemic factors such as hereditary, functional, environmental, sexual, nutritional
and metabolic factors [7, 24].
The secondary method, tooth wear, was defended to be an accurate method [23]; on the contrary,
some authors advocated that tooth wear may not be reliable in age estimation [25]. As tooth
wear is influenced by various factors that include functional (eating and chewing habits) or
parafunctional habits, patterns of mandibular movement, bite force, saliva, diet, medication,
diseases, geographical location, occupational and habitual environment and gender [21, 26].
3.2. Radiographic methods
Dental age may be estimated by two approaches: based on the time of emergence of the tooth
in the oral cavity and the pattern of tooth development, in another word the dental maturity
Score Premolar Molar
0 No visible wear
1 1P/1L 1P/1L/2P/2L
2 2P/2L/1S/1B 3P/3L/4P/4L/1S/1B/2S/2B
3 2S/2B 3S/3B/4S/4B
4 Wear on more than 2/3 occlusal surface
5 1Pc/1Lc 1Pc/1Lc/2Pc/2Lc
6 2Pc/2Lc/1Sc/1Bc 3Pc/3Lc/4Pc/4Lc/1Sc/1Bc/2Sc/2Bc
7 2Sc/2Bc 3Sc/3Bc/4Sc/4Bc
8 Concavity on more than 2/3 occlusal surface
Table 3. The Kim’s scoring system of tooth wear [21]. P: point-like wear facet < ~1 mm. in diameter; L: linear wear
facet < ~1 mm. in width; S: surface-like wear facet > ~1 mm. in diameter; B: band-like wear facet > ~1 mm. in width or
wear facet involving more than two surfaces; c: concavity (wear of dentine). In the situation where a tooth has several
different degrees of tooth wear, the highest degree should be selected as tooth wear score.
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stages. Dental maturity is considered to be more reliable than the emergence of teeth into the
oral cavity with a high heritability and low coefficient variation, and to be independent of
environmental effects, nutritional and endocrine status [6–8]. The development of each tooth
can be assessed over long periods of time using radiographs in a continuous pattern, using
different crown and root maturity stages of tooth formation as criteria [27, 28]. Radiological
methods are based on the evaluation of tooth development on the various radiographic images
as intraoral periapical, panoramic radiographs, digital and advanced imaging technologies to
assess the extent of tooth mineralization from the moment when radiopaque spots become
visible prior to tooth calcification until the tooth apex is closed (Figure 1) [10].
Beginning from the initial mineralization of a tooth, the crown formation, root growth, erup-
tion of the tooth into the mouth and root apex maturation are assessed. Given that this method
enables continuous evaluation of tooth development from birth until the completion of third
molar teeth development [24, 29], it is mainly suitable for children-adolescents. It is also
simple, a noninvasive and reproducible method that can be employed both on living and
unknown dead.
The age determination on radiographs is based on the estimation of various features as follows:
1. Tooth germs appearance [14, 15, 30]
2. Beginning of mineralization both in the intrauterine life and after birth [14, 15, 30]
3. Amount of crown completion [14, 30, 31]
4. Eruption into the oral cavity [13–15, 30]
5. Degree of root completion of erupted or unerupted teeth [14, 15, 30]
6. Degree of resorption of deciduous teeth [14, 15]
7. Measurement of open apices [32, 33]
8. Volume of pulp chamber and root canals/formation of physiological secondary dentine
[14, 34]
9. Tooth-to-pulp ratio [34, 35]
10. Third molar maturity [14, 15, 30, 34]
In children and adolescents, the chronological age estimation based on dental maturation is
mainly done either by using the atlas approach or by using scoring systems. The dental
development is divided into different stages that are assigned maturity scores for each tooth,
evaluated through statistical analysis and then compared to known age standards in the
“scoring method” [36].
3.2.1. Atlas method
The radiographic dental mineralization is compared with dental atlases that include a series of
drawings with outlines of developing teeth and eruption relative to a corresponding age in the
“Atlas method.”
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Kraus and Jordan [37] studied the early mineralization of teeth—deciduous teeth and the
permanent first molar as well—in the intrauterine life. The development is described in 10
stages, expressed by Roman numerals from I to X; the IXth stage includes three stages and the
Xth stage includes five stages [14]. Schour and Masseler [38, 39] studied the development of
deciduous and permanent teeth, describing 21 chronological steps from 4 months to 21 years
of age and published the numerical development charts for them without considering gender
differences. Moorees et al. [40] evaluated the dental development in the 14 stages of minerali-
zation ranging from ‘cusp formation’ to ‘root apex closure’ for developing single and
multirooted permanent teeth by using panoramic or lateral oblique radiographs and the mean
age for the corresponding stage was determined (Figure 2), taking into account the gender
differences. Different tables are designed for each gender [41]. It provides an age estimate from
6 months up to the development of the third mandibular molar.
Later on, Anderson et al. [42] revised the method of Moorees et al. [40] by expanding the age
range and comprehensive tables.
The London Atlas published by AlQahtani and colleagues [43] is a major improvement in
estimating age compared to other dental charts and may be more practical than other dental
atlases [44–46] with its high level of accuracy and repeatability. It provides an age estimate for
individuals aged 28 weeks in utero to young individuals up to 23 years, so it enables the usage
of the third molar. In addition, it can be used in cases where sex cannot be determined, as it
provides sex-specific and sex-neutral dental charts [46]. Age is defined as the midpoint of an
age category without an age range in the London Atlas. This could lead to a variation among
investigators with the levels of education or experience.
3.2.2. Scoring method
Nolla [47] assessed the development of each tooth by evaluating the mineralization of perma-
nent dentition in 10 stages. The radiograph of the patient is matched with a comparative figure
and a total of the maxillary and mandibular teeth are assigned and the total is compared with
Figure 1. Panographic radiograph.
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the table given by Nolla. The advantages of this method are that it can be applied to an
individual with or without the third molar and that girls and boys are dealt with separately.
Nolla’s method allows the researcher to choose a stage from the 10 stages and also offers three
inter-stage options for each stage. The increased number of stages may complicate the assess-
ment and decrease accuracy of the method [48].
Different from Nolla’s method instead of evaluating both maxillary and mandibular teeth,
Demirjian et al. [49] determined only the dental maturity of the mandibular left seven perma-
nent teeth (second molar to central incisors) based on eight tooth mineralization stages (“A”
through “H”) on a panoramic radiograph (Figure 3). The stages were allocated a biologically
weighted score for each gender, and the sum of the scores provided an estimate of dental
maturity, which was measured on a scale from 0 to 100 [49]. It was also reported to be reliable
and reproducible [50].
Later, Demirjian and colleagues [51] developed three more methods, all of which are based on
the analysis of the left mandibular dentition, but differ in relation to the type and/or number of
Figure 2. Schematic diagrams of the 14 dental development stages ranging from ‘cusp formation’ to ‘root apex closure’
defined by Moorees et al.
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teeth used. These methods are as follows: 1. revised seven-tooth system [same teeth but with
extended age ranges and two extra stages]; 2. four-teeth method [second molar (M2) to first
premolar (PM1) inclusive]; and 3. Alternate four-teeth approach [the second incisive [12], first
premolar [PM1], second premolar [PM2] and second molar [M2] [51, 52].
Although this method is reported to be simple, reliable and reproducible [50], it has some
limitations as follows [30, 53, 54]:
1. This method excludes the subjects below the age of 4–4.5 years.
2. The evaluation cannot be applied in children lacking teeth.
3. This method may not express the retardation of dental development [excluding third
molars] due to systemic diseases.
4. This method was developed based on the radiographic analysis of French-Canadian sub-
adults; however, there may be a variation in the timing of dental development, both within
and among the different populations in specific geographic regions [17, 55]. This may be
attributed to different gene pools, differences in living conditions, climate, socioeconomic
status, nutrition and secular changes [56–58] When the Demirjian data set was used for
different populations, it mostly overestimated the age rather than underestimated it [59],
which means that the subjects studied exhibited dentally advanced development compared
with French-Canadian children [60]. Although some authors [29, 61] reject the applicability
of the Demirjian standards in different populations, the others [62–65] support the applica-
bility of these standards in particular age groups. Demirjian et al. [49] conjectured that the
Figure 3. Schematic representation of the Demirjian, Goldstein and Tanner’s stages: (A) in both uniradicular and
multiradicular teeth, a beginning of calcification is seen at the superior level of the crypt in the form of an inverted cone
or cones. There is no fusion of these calcification points; (B) fusion of calcified points forms one or more cusps, which unite
to give a regularly outlined occlusal surface, or mineralized cusps are united so the mature coronal morphology is well
defined; (C) crown half-formed, pulp chamber is evident, and dentinal deposition is occurring; (D) the crown formation is
completed down to the cementoenamel junction (CEJ), pulp chamber has a trapezoidal form and beginning of root
formation is seen; (E) initial formation of the radicular bifurcation is seen, and the root length is still less than the crown
height; (F) the apex ends in a funnel shape; the root length is equal to or greater than the crown height; (G) the walls of the
root canal are now parallel and its apical end is still partially open and (H) the apical end of the root canal is completely
closed; the periodontal membrane has a uniform width around the root and the apex.
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scores for the stages would not vary much between populations, but the maturity standards
may change appreciably.
The application of age estimation methods to populations that are dissimilar to the sample from
which a particular method is derived is a critical issue in this field [46]. To overcome this
drawback, the calculation of several ‘modified’ versions of the original Demirjian tables for
different populations is offered [66–68]. The population-specific standards based on dental
maturity curves are reported to be more accurate than the original curves [7, 24, 51, 69], but the
variation among the geographical areas or different regions within the same country will still
exist [70]. From another perspective, Liversidge et al. [62] mentioned that a positive secular trend
during the last 25 years may partially explain the dental age overestimation by Demirjian’s
method recently found in different populations. In support, certain researchers have reported
that dental development and age also follow secular trends and that teeth mature at an earlier
chronological age than several decades ago [62, 71]. If the secular trend exists, correction of the
reference standard that was developed using an affluent segment of more developed nations is
significant for forensics, if the subject for which a dental age estimate is necessary is from a lower
socioeconomic status in a developing country [72]. However, the other authors claimed that the
level of tooth formation is not affected by secular trend, as it is predominantly determined by
genetics, and less affected by environmental factors than other growth systems [73].
Willems [74] modified Demirjian’s method based on a study on Belgian Caucasian population
and formed new tables for the dental maturity for both genders by calculating chronological
age based on the cumulative score of 4 teeth—first premolar, second premolar, first molar and
second molar. This method is simpler and retains the advantage of Demirjian’s method and
there was a reduction in the overestimation of dental age. The estimated dental age is reported
to be more accurate than Demirjian’s method [75, 76].
Haavikko’s method [77] is another method assessing the maturity of the teeth. Twelve radiographic
stages—six relating to crown formation and six relating to root formation—of 4 permanent teeth
are used to assess the dental age. This method is useful when any of the permanent teeth is missed.
As distinct from the methods evaluating the dental maturity, Cameriere et al. [33] measured open
apices of the seven left permanent mandibular teeth in nonadults. They developed a linear
regression formula for dental age estimation [46]. The following regression formula for age estima-
tion is used
Age ¼ 8:971þ 0:375 gþ 1:631 5þ 0:674 N0 1:034 s 0:176sN0 (1)
where g is a variable equal to 1 for boys and 0 for girls, N0 is the number of teeth with apical
ends of the root completely closed. The teeth with open apices are also considered. For teeth
with one root, the distance between the inner sides of the open apex is measured, and for two
roots, the sum of the distances between the inner sides of the two open apices is evaluated. To
eliminate the magnification and angulation of the radiographs, the measurement of open apex
is divided by the tooth length for each tooth. So, the measurements are normalized. Finally, s is
the sum of the normalized open apices of the seven left permanent mandibular teeth.
In childhood and adolescent period, observing dentition maturity stages with radiographic
method results in highly accurate age assessments. However, with increasing age, this
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method’s accuracy will be weakened. The third molar is the only tooth with a tendency to
continue developmental changes in late adolescence and early adulthood [5]. Third molar
calcification stage is one of the few tools that can be used to assess age when development is
nearing completion [8, 48, 50]. Many authors evaluated the third molar’s maturity stages.
Harris and Nortje [78] have given five stages of third molar root development in correspon-
dence to the mean ages and mean length. Van Heerden [79] assessed the development of the
mesial root of the third molar in five stages.
Clinically, the development of permanent dentition completes with the eruption of the third
molar at the age of 17–21 years, after which the radiographic age estimation becomes difficult.
However, this accuracy decreases as a person’s dental development is completed. After that
period, mature teeth cannot be used to estimate age because the time they completed develop-
mental stages is unknown [48]. So that, other methods have to be used to estimate age by
radiological determination. The reduction in size of the pulp cavity resulting from a secondary
dentine deposition, which is proportional to the age of the individual, is one age predictor
measurable in dental radiographs and tomographs as an alternative to more invasive methods
[80–84]. In literature, two methods have been used:
1. Pulp-to-tooth ratio method by Kvaal [85]
2. Coronal pulp cavity index [86].
The coronal pulp cavity index [86] calculates the correlation between the reduction of the coronal
pulp cavity and the chronological age. Only mandibular premolars and molars were consid-
ered on panoramic radiographs. The tooth-coronal index (TCI) is calculated for each tooth and
regressed on the real age of the sample using the formula
TCI ¼ CPCH 100=CL: (2)
where CPCH is the length of the coronal pulp cavity and CL is the length of the tooth crown.
Pulp-to-tooth ratio method: Kvall et al. calculated the pulp-tooth ratio for six mandibular and
maxillary teeth, such as maxillary central and lateral incisors; maxillary second premolars;
mandibular lateral incisor; mandibular canine and the first premolar (Figure 4). It is available
to remove doubt as to whether a person is under 18 years of age and to calculate the age above
this level. They measured pulp length and width as well as root length and width. Because of
magnification and angulation on the radiographs, different ratios between root and pulp were
measured.
The age is derived by using pulp-to-tooth ratios in the formula:
Age ¼ 129:8– 316:4m ½6:8 W L½ :½ (3)
It has been reported that the pulp/tooth volume ratios in the cervical area were more correlated
with age and that this correlation decreases toward the apex [87]. Also, the most marked
reduction in volume ratio was observed between the second and the fifth decades of life in
lower first and second premolars and between the second and the third decades of life in lower
first premolars [87].
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This method is limited in finding the subjects retaining all the six teeth that were measured in
this method. Also, there will be a certain amount of distortion when the curved arch of the
jaws is projected on to a flat film. It would be better to use the parallel technique. Rotated teeth,
teeth with enamel overlap, teeth with restorations, cavities, attrition and periapical patholog-
ical process cannot be used in this method, as well.
Using 3D images, the ratio of pulp/tooth volume can be calculated. Vandevoort et al. [34]
reported a method using microfocused computed tomography on extracted teeth to compare
pulp-to-tooth ratios in the determination of age. Yang et al. [80] used cone beam CT scanning
and acquired the 3D images of teeth in living individuals.
In recent years, a software program named Dental Age Estimation® has been developed to
automate the dental age calculations [88]. It includes the most accurate and often referenced
morphological and radiological techniques that are reported in literature. The great advantage
of the program is the immediate dental age estimation results. The borders of the pulp and
tooth are automatically selected that minimizes the required time to obtain the area of tooth
and pulp chamber, in addition, avoiding the calculating errors, the error associated with the
observer, when performing the area selection reduces [89]. Also it enables the forensic
odontologist to apply different techniques and provides a more reliable result.
Cameriere et al. [90] also developed the statistical regression model performed on digital
radiographs by using upper canine pulp/tooth area ratio in adults. Given that, upper canines
have certain advantages, such as their longer survival, less wear and the big size of the pulp
chamber [91].
3.3. Morphological methods
Once dental development is complete, developmental stages could not be used for age estima-
tion instead the indicators showing that dental structures undergo changes through life are being
used. Morphological methods are based on assessment of ex-vivo teeth for age estimation of
Figure 4. Dental measurements in Kvall’s pulp-to-tooth ratio method: T, maximum tooth length; P, maximum pulp
length; R, maximum root length; A, root and pulp width at cementoenamel junction; C, root and pulp width at mid-root
level; B, root and pulp width halfway between levels A and C. Level A, the level of the cementoenamel junction (CEJ).
Level B, midpoint between levels A and C. Level C, mid-root level between the CEJ and root apex.
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adults. The samples of the extracted tooth can be sectioned or unsectioned and observed with
the eye or with microscope [1]. However, these methods may not be acceptable due to ethical,
religious, cultural or scientific reasons.
In literature, many morphological methods are encountered. Gustafson [92], Dalitz [93], Bang
and Ramm [94], Johanson [2], Maples [95] and Solheim [96] developed various morphological
methods.
The first technique was published by Gustafson in 1950 [92]. Gustafson [92] and Thoma [97]
described the morphological changes occurring in the dental tissues by increasing age and
noted the following changes:
a. Attrition of the incisal or occlusal surfaces due to mastication [A]
b. Periodontitis [P]—the loss of periodontal attachment
c. Secondary dentin [S]—the amount of coronal secondary dentine formation
d. Cementum apposition [C] at the root apex
e. Root resorption [R] amount
f. Transparency of the root [T]
Each criterion was ranked and allotted 0, 1, 2 and 3 points. The score values of each age change
are added according to the following formula:
An þ Pn þ Sn þ Cn þ Rn þ Tn ¼ x overall scoreð Þ: (4)
The exact equation calculated was: y (age) = 11.43 + 4.56x.
This method cannot be used in a living person, only in dead when extraction of a tooth is
allowed [96]. It is a subjective method [94] and time-consuming [95]. Periodontitis is often
impossible to determine due to the decomposition of a soft tissue [95]. It neglects the possible
interrelationships among the criteria [94] and population differences in diet habits with a
resultant effect of attrition on tooth.
Dalitz [93] revised Gustafson’s method and suggested a 5-point system from 0 to 4, rather than
4-point system to obtain a greater accuracy with the suggested formula. He mentioned that
root resorption and secondary cementum formation could be disregarded.
E ¼ 8:691þ 5:146Aþ 5:338Pþ 1:866Sþ 8:411 T: (5)
In this method, 12 anterior teeth are evaluated; bicuspids and molar teeth are not taken into
account.
Johanson [2] evaluated for the same six criteria of Gustafson’s method in seven different stages
with corresponding scores from 0 to 3. Johanson made a more detailed study of the root
transparency and stated that it is more clear when the thickness of the ground section of the
tooth was 0.25 mm.
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The following formula was recommended:
Age ¼ 11:02þ 5:14A½  þ 2:3 S½  þ 4:14 P½  þ 3:71 C½  þ 5:57 R½  þ 8:98 T½ : (6)
Where A is attrition, S is secondary dentine formation, P is periodontal attachment loss, C is
cement apposition, R is root resorption and T is apical translucent [Q].
Solheim [96] reported another method by using five of the criteria of Gustafson’s method
[attrition, secondary dentin, periodontitis, cementum apposition and root transparency] in
addition to another three new criteria: the surface roughness, color and sex. He recommended
not using this method on mandibular canines and second premolars because of the weakest
relationship between the parameters and age on these teeth. Two set of formulas were
presented: one including sex and color and the other without them, because these factors were
not always determinable in deceased individuals. The color may be differentiated due to
changes or reactions to the environment and compared with teeth from living individuals;
teeth removed from deceased bodies were darker.
Bang and Ramm [94] presented a simple and accurate method for age estimation based on the
measurement of only one criterion: the length of the apical translucent zone of only incisors
and cuspids (Figure 5).
For translucent zones ≤9 mm., a formula Age = B0 + (B1  X) + (B2  X
2) is used, and if
translucent zones > 9 mm., another formula is used: Age = B0 + (B1  X) [Q].
Figure 5. Apical translucent zone.
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The authors mentioned that transparency of the root dentin advances during the third decade
starting at the tip of the root and extending coronally with age. The teeth were sectioned. The
length of the root was measured buccally from the cementoenamel junction to the apex. The
transparent root dentin was measured midway between the pulp chamber and the root
periphery where the translucent/opaque boundary across the root is fairly horizontal. With
this method, good results are obtained by measuring intact roots only. The method is simple,
objective and rather fast compared to other methods and can be applied without extensive
training or expensive equipment. However, it was difficult to make accurate measurements in
molars and bicuspids [94].
Similar to Bang and Ramm [94], Lamendin [98, 99] emphasized that root translucency was the
most important one in Gustafson’s seven aging criteria. Differently, not only the translucency
but also the periodontal tissue level is determined as well. And the measurements are made
only on the entire extracted single rooted tooth—the incisors or canines—without any prepa-
ration. In their method, the age in years at death is obtained by the following formula:
Age ¼ Periodontosis=root length 0:18½  þ ½translucency=root length 0:42
 
 100þ 25:53: (7)
where root length is the distance between the apex of the root and at the cementoenamel
junction; periodontosis is the distance between the crown and soft tissue attachment line;
translucency is evaluated by looking at the tooth exposed to a light box and the length of the
transparent zone at the apex of the root is measured. This method is simple and differences
between observers are low. However, it is not suitable in young adults as the translucency due
to the deposition of hydroxyapatite crystals in the dental tubuli begins after the age of 25. In
addition, it gives unreliable age estimation on elder subjects with periodontal disease. The
major adversity of this method is the absence of single root tooth that is frequently seen in the
elderly or disturbed skeletal remains. Also, it has to be taken into consideration that if there is a
long postmortem interval [at least decades] the translucency of the root might be affected by
taphonomic factors.
Maples [95] also modified Gustafson’s method by using only two criteria of the total six
Gustafson recommended: secondary dentine formation and root transparency. With this
method, researcher error is expected to be lessened. Teeth with broken crowns, lost cementum
and periodontal attachment may still give accurate age estimates. As it does not evaluate the
attrition, the bias due to the dietary differences is expected to be decreased [41].
3.4. Biochemical methods
In prenatal stage, up to 6 months, radiological methods cannot be accurate in dental age
estimation given that the dentin and enamel images are radiolucent. Therefore, Stack’s method
[100] is suitable to overcome this restriction. It was demonstrated that the dry weight of the
mineralized tooth cusps gives an approximate age of the child by using gravimetric methods.
Fetal age is linearly related to the square root of the weight of mineralized tissue in the
deciduous anterior teeth during the last trimester. At 6 months intrauterine life, the weight is
60 mg; in the newborn child, the teeth weigh 0.5 g, which increases to 1.8 g after 6 months.
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Deutsch et al. [101] reported that both the weight and crown height of the anterior teeth were
correlated with fetal age as well.
In adults, following completion of the growth period, age estimation by radiological methods
becomes not sufficiently accurate [10, 102]. Alternative methods such as biochemical and
histological methods are preferred in adults.
The biochemical methods determine alterations in ion levels with age. For instance, the cal-
cium/phosphorus ratio in peritubular dentine increases significantly with age and the rate of
racemization of D and L enantiomers of aspartic acid residues in the collagen of dentin is time-
dependent [103].
In literature, aspartic acid racemization [104, 105] has been studied for the aim of developing
age estimation standards in adults. Although aspartic acid racemization is affected by envi-
ronmental factors, such that with increasing temperature, racemization increases also, it is
demonstrated to be an accurate age estimation method [106]. However, the mentioned method
is invasive and expensive and also requires specialized equipment and expertise [104, 105]. In
addition, it is not suitable in living individuals [107].
The biochemical methods are based on the racemization of amino acids. The racemization of
amino acids is a reversible first-order reaction and is relatively rapid in living tissues in which
metabolism is slow. Aspartic acid has been reported to have the highest racemization rate of all
amino acids and to be stored during aging. In particular, L-aspartic acids are converted into D-
aspartic acids, and so, the levels of D-aspartic acid in human enamel, dentine and cementum
increase with age. The D/L ratio has been shown to be highly correlated with age [108].
Helfman and Bada [109] reported studies that focused on the racemization of amino acids
and obtained a significant correlation between age and ratio of D/L enantiomers in aspartic acid
in enamel and coronal dentin.
The racemization rate of the cementum shows the fastest reaction than enamel and dentine.
On the other hand, dentine showed the highest correlation with actual age [108]. With this
method, age determination is not suitable with extensive crown destruction in postmortem
examination [110] rather than the extraction of the teeth. Ritz et al. [110] suggested another less
invasive way of racemization estimation by dentinal biopsy specimens taken from molars in
living subjects. The extension of aspartic acid racemization is higher in deep layers, so biopsy
layer had a noteworthy influence. The cavities are then treated with filling materials.
3.5. Histological method
Histological methods require the preparation of the tissues for detailed microscopic examina-
tion. This technique is more appropriate for postmortem situations. In prenatal stage, up to
6 months, the dentin and the enamel images are not radiopaque enough to be visualized on
radiographs. The histological methods can detect mineralization before being detected in the
radiographs. Prenatal dental maturity can be assessed by using dissection and alizarin staining
of fetal tooth germs [9]. Initiation of mineralization, as visualized by alizarin staining, takes
place in the first permanent molars between 28 and 32 fetal weeks with the mandibular germs
being slightly in advance than those of the maxilla [9].
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The estimation period of survival of an infant in perinatal period using neonatal line as a line of
reference can give the exact age of the baby in days [111]. The neonatal lines, present in both
enamel and dentin of the permanent teeth, are an optical phenomenon produced due to
alteration in the dimension, degree and mineralization of enamel prisms caused due to the
sudden change from intrauterine to extrauterine environment [112]. Observing the neonatal
lines can be used for assessing the amount of pre- and postnatal enamel formation. In primary
enamel, the rate of enamel formation is 2.5–4.5 μ/day [113]. Cross striations are seen across
enamel rods representing the daily incremental deposition of enamel [114], and this can be
used to find the exact age of the baby in days by counting the cross striations from the neonatal
line [111]. Neonatal lines can be used to differentiate between live birth and still birth and are
an important tool in forensic cases and for preepidemiological studies. However, the absence
of the neonatal line is not always an indicator of still birth [30]. The main limitation of using
neonatal line for estimation is that a couple of days of survival is necessary for the neonatal line
to develop. Besides, the detection of neonatal line depends on various factors like axis of tooth
section, thickness of the section and light source used.
Cementum annulations indeed are a reflection of age, as well. The incremental lines in the tooth
cementum can be used as a marker more reliable than any other morphological or histological
traits in the human skeleton [4, 51]. A method for preparing human teeth for evaluation involv-
ing collection, identification, measuring, sectioning, cleaning, acid etching, staining and mount-
ing is reported. Sections of 100-pm thick are stained with cresyl fast violet as a stain of choice and
are photographed using standard light microscopic techniques, as well as, Nomarski interference
microscopy. Acellular cementum bands viewed in transmitted polarized light are characterized
by alternating parallel opaque and translucent wider bands. Countability of annulations from
photographic enlargements was evaluated. However, it is not always easy to count [115]. Miller
et al. [116] reported that determining chronologic age in humans from cementum annulations is
not possible.
While using all these methods, the following has to be taken into consideration:
• Gender differences may exist. Tooth wear scores in males are found to be higher than
those in females. Males show better development of masticatory muscles than females.
Thus, males could exert a stronger bite force than females [21]. Also sexual dimorphism is
indicated in the timing and duration of tooth formation, with dental maturity generally
being more advanced in females than in males in permanent dentition in reverse of those
for the deciduous dentition [17]. If only pulp volume is measured and used as age
indicator, there is a significant difference between the accuracy for males and females
[117, 118]. To account for this, many dental age estimation methods publish sex-specific
formulae or charts. While sex-specific formulae or charts increase accuracy, depending on
the condition of the remains, it may be impossible to confidently determine the sex of
nonadults without the use of DNA, which may or may not be present [46]. When sex is
unknown, the most accurate method is Willems followed by Demirjian and then
Haavikko first premolar [76]. Additionally, sex has no statistically significant effect on
age estimation, when pulp-to-tooth ratio is calculated [117, 118].
• There are controversial results in the effect of orthodontic treatment on age estimation
[119, 120]. Orthodontic treatment may cause external root resorption with subsequent root
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shortening and reduction in pulp chamber dimensions, owing to secondary dentine for-
mation. This may cause a potential risk of overestimation while using the methods based
on secondary dentine formation and the variation of pulp/tooth dimensions with age. If
that were to be the case, it would be necessary to develop specific standards for orthodon-
tically treated participants. Contrarily, it was reported that the changes caused by ortho-
dontic treatment do not have any significant effect on age estimation when Kvaal et al.’s
method is applied [121].
• There may be a significant delay in dental age in the subjects with dental agenesis.
4. Conclusion
Chronologic age estimation from teeth for the postmortem evaluation is well established. In this
chapter, the different techniques and considered studies were overviewed in conjunction with
their advantages and disadvantages. It needs to be taken into consideration that rather than
restricting on one age estimation technique, using the other available techniques additionally and
performing repetitive measurements may be beneficial for accurate age estimation.
In lights of previous studies, the following can be concluded:
• In prenatal stage, up to 6 months, the dentin and the enamel images are not radiopaque
enough to be visualized on radiographs. In that period, the usage of gravimetric method
and alizarin staining of fetal tooth germs are recommended in the age assessment.
• In children and adolescents, the radiographic methods that are based on the evaluation of
tooth development to assess the extent of tooth mineralization are preferred.
• Third molar calcification stage is one of the few tools that can be used to assess age when
development is nearing completion. Clinically, the development of permanent dentition
completes with the eruption of the third molar at the age of 17–21 years, after which the
radiographic age estimation becomes difficult.
• After the apex closure of third molar, the coronal pulp cavity index or pulp-to-tooth ratio
method is used.
• Once dental development is complete, the invasive morphological and histological
methods are preferred. Gustafson morphological method is the most accurate around
40–50 years and with increasing inaccuracy in younger and especially in older age groups.
Biochemical age determination procedures based on aspartic acid racemization in dentin
is more reliable; however, an influence of iatrogenic and carious lesions on the composi-
tion of the surrounding dentin and thus on aspartic acid racemization cannot be excluded.
• Dental maturation of children at similar ages in different ethnic groups may differ due to
different gene pools, living conditions, climate, socioeconomic status, nutrition and secu-
lar changes, which may affect the accuracy of the dental age estimation. To overcome this
limitation, population-specific standards based on dental maturity curves can be used.
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• An alternate imaging modality is the CT scanning to acquire 3-dimensional images of
teeth. It is found to be a more reliable technology for use in dental age estimation.
• The software programs enable the forensic odontologist to apply different techniques,
provide a more reliable and immediate result, and avoid calculation errors.
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